NSs mRNAs provided with capped leader sequences derived from all four AMV RNAs could be cloned and sequenced. The sequence specificity of the putative TSWV endonuclease involved is discussed.
Like all negative-strand RNA viruses with segmented genomes, bunyaviruses use the mechanism of "cap snatching" to initiate transcription of their mRNAs (1-3, 8, 12, 15) . During this process, cap structures are cleaved from host mRNAs by a virus-encoded endonuclease and subsequently used to prime transcription; this process was first described for influenza A virus (11, 13) . For tomato spotted wilt virus (TSWV), it has been shown that the viral mRNAs produced during plant infection contain capped leader sequences of nonviral origin and of 12 to 21 nucleotides (nt) (9, 16) . In this study, we have investigated whether TSWV would use one or more of the alfalfa mosaic virus (AMV) RNAs as cap donors during a mixed infection. Such a study would provide further insight into the cap-snatching process of TSWV, and the demonstration of the use of AMV leaders during the natural TSWV infection process would open the possibility of studying in vivo the sequence specificity of the endonuclease involved in mixed infections with specific mutants of AMV.
For this purpose, 5-week-old Nicotiana benthamiana plants were mechanically inoculated with both TSWV (Brazilian strain BR-01) and AMV (Leiden strain 425) in two ways, and subsequently it was determined which leaf material became successfully coinfected with both viruses. Plants were inoculated either with TSWV and AMV on separate leaves of the same plant (separate infection [SI]) or with a mixed inoculum on the same leaf (mixed infection [MI] ). At 15 days (Fig. 1) postinoculation (p.i.), samples of systemically infected top leaves were analyzed by Western immunoblot analyses with antisera directed against the TSWV nucleoprotein and the AMV capsid protein as described previously (10) . Both viruses clearly coreplicated in both SI and MI plants (Fig. 1 , lanes SI and MI), and reverse transcription (RT)-PCR analyses were performed with RNA from leaves of SI plants 15 days p.i.
To test whether TSWV would use AMV RNAs as cap donors during a mixed infection, RT-PCR amplification was performed with total RNA extracts made from systemically infected leaf material as described by Gurr and McPherson (7) . Primers were chosen to amplify the leader sequences of the TSWV N and NSs mRNAs, both derived from the ambisense S RNA segment (Fig. 2) (4) . First-strand cDNA was synthesized from 10 g of total RNA extract with primers N1 (nt positions 2595 to 2609: 5Ј-GGAATGTCAGACATG-3Ј) and NSs1 (nt positions 455 to 439: 5Ј-GGGCAGGAGACAAAAC C-3Ј) and Superscript reverse transcriptase (GIBCO BRL) according to the manufacturer's procedures. Subsequently, a nested PCR was performed with primers N2 (nt positions 2634 to 2651; 5Ј-CCCGGATCCGTTCGATGTTTTCCAGAC-3Ј) and NSs2 (nt positions 384 to 367; 5Ј-CCCGGATCCGATAG TGCCAGAACAGAG) in combination with primers matching the 5Ј termini of AMV RNAs (A12, matching both AMV RNA 1 and AMV RNA 2: 5Ј-CCCGGATCCGTTTTTATCTT-3Ј; A3: 5Ј-CCCGGATCCGTATTAATACC-3Ј; A4: 5Ј-CCCGGA TCCGTTTTTATTTT-3Ј). The latter primers were designed to match the first 11 nt of the AMV sequences ( Fig. 2) , as the sizes of the snatched sequences found varied between 12 and 21 nt and added sequences shorter than 12 nt thus far have not been detected at the 5Ј ends of TSWV mRNAs (9, 16) .
PCR amplification was performed with the synthesized firststrand cDNA (5 min at 94°C; 5 cycles of 30 s at 94°C, 30 s at 25°C, and 30 s at 72°C; 35 cycles of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C; and 7 min at 72°C), and products of the predicted sizes were observed for N mRNA (ϳ315 bp) and NSs mRNA (ϳ420 bp) in MI plants and especially in SI plants (Fig. 3) .
To determine the fusion sites of AMV sequences to TSWV mRNAs, fragments obtained from different RT-PCRs were cloned and analyzed by sequence analysis. This analysis showed that all clones contained 5Ј sequences of AMV origin fused to TSWV N or NSs mRNAs and that apparently all four AMV RNAs were used as cap donors. Moreover, these findings imply that the transcription of TSWV, a negative-strand RNA virus, takes place in the same subcellular compartment as that in which the RNAs of AMV, a positive-strand RNA virus, are found. Whereas the AMV leader sequences varied in length from 12 to 19 nt (Fig. 4) , the majority of the clones analyzed contained leader sequences of 13 to 15 nt. However, this result was not independent of the cap donor RNA that was used, as RNA 3 was exclusively cleaved after C17. These findings suggest that the length of the leader sequence may be an important factor but is not the only contributor to the cleavage specificity of the putative viral endonuclease.
A total of 35 clones were analyzed; 3 clones lacked the first nucleotide (A) of the TSWV genomic sequence, 2 clones contained an additional AG, and 1 clone even contained a repeat of the first 6 nt of the TSWV genomic sequence. These insertions may have arisen from polymerase slippage on the template viral RNA, as has been suggested previously for snow-shoe hare bunyavirus (1) . Alternatively, these insertions may have arisen by means of resnatching, in which an already AMV-capped TSWV mRNA is reused as a cap-donor but is cleaved further downstream from the original fusion site.
Because, in this study, the leader sequences used could be identified as being derived from each of the individual AMV RNAs, the sequence data could provide information on preferential cleavage sites in terms of sequence specificity and distance to the cap structure. There are, however, two possible interpretations of the results, as in 29 of the 35 sequences, the residue at the fusion site could equally well represent the first residue of the TSWV body mRNA or the last residue of the AMV leader (Fig. 4, residues indicated in bold) . In the former interpretation, endonucleolytic cleavage would occur after a C residue in 49% (17 of 35) of the studied sequences, after an A residue in 31% (11 of 35), after a U residue in 17% (6 of 35), and after a G residue in the remaining single sequence. In the latter interpretation, however, which would allow for base pairing of the 3Ј ultimate residue of the AMV-derived primer sequence to the 3Ј ultimate or penultimate residue of the TSWV template, as was found for influenza A virus (13), the cleavage preference would be different: 74% (26 of 35) after an A residue, 11% (4 of 35) after a G residue, 9% (3 of 35) after a U residue, and 6% (2 of 35) after a C residue. Base pairing between cap donor RNA and TSWV template RNA would explain not only the apparent preference for endonucleolytic cleavage after an A residue but also the loss of the first nucleotide of the TSWV sequence in three of the clones analyzed; in those clones, it is likely that the G residue preceding the cleavage site base paired with the TSWV template RNA at the penultimate residue, resulting in a loss of the 3Ј ultimate residue. Furthermore, the base-pairing requirement also could explain the difference in lengths observed between the snatched leader sequences derived from AMV RNA 3 (18 nt) and leader sequences derived from AMV RNAs 1, 2, and 4 (13 to 15 nt): AMV RNA 3 is not cleaved to generate leader sequences of the preferential length of 13 to 15 nt because the nucleotide sequence at these positions does not allow base pairing, resulting in a scan for a cleavage site further downstream (position 18 nt) that does allow base pairing.
For several members of the family Bunyaviridae and the genus Tenuivirus, a "prime-and-realign" mechanism has been proposed for the initiation of transcription (5, 6, 8) . Such a mechanism, if involved during the initiation of transcription for TSWV as well, could account for the presence of additional nucleotides (AG or AGAGCA) between the AMV and TSWV sequences in three of the clones analyzed. To decide between these alternative possibilities, further studies with mutagenized AMV donor RNAs are required.
The data presented in this paper show the feasibility of exploiting the in vivo coinfection approach, with the advantage that the endonuclease involved can be tested directly in vivo. The value of this in vivo approach and its broader applicability for other viruses that use cap snatching during the initiation of transcription are supported by similar results obtained for the tenuivirus maize stripe virus in a coinfection with barley stripe mosaic virus and published during the course of our investigations (5). For AMV RNAs 2, 3, and 4, cleavage by the capsnatching machinery of TSWV appears to take place preferentially after a UUUUC/A(A) sequence motif (the residue in parentheses depending on which of the two priming mechanisms is used; see above). However, this location may be only accidental, as AMV RNA 1 does not contain such a motif in the region in which endonucleolytic cleavage takes place and yet can be used as a cap donor, and among the host mRNAderived leaders previously sequenced (16) , this motif is absent. Of the four AMV RNAs cannibalized by TSWV, only RNA 3 is cleaved at a single position (Fig. 4) . Therefore, this RNA is possibly the best starting point at which to explore the sequence requirements of the TSWV endonuclease more precisely by mutational analysis. Such an approach will also shed light on whether the priming reaction does or does not require base pairing of the 3Ј-terminal leader residue to the TSWV template RNA . FIG. 3 . RT-PCR products from N and NSs mRNAs provided with leader sequences derived from AMV RNA 1 and RNA 2 (A), RNA 3 (B), and RNA 4 (C). Total RNA was isolated from infected N. benthamiana at 15 days p.i. The RT primers used were N1 and NSs1, and the PCR primers used were A12 (A), A3 (B), and A4 (C) in combination with N2 and NSs2 (Fig. 2) . PCR products of ϳ315 bp represent specific TSWV N mRNAs, and PCR products of ϳ420 bp represent TSWV NSs mRNAs. Products of primers A12 and N2 or NSs2 contain both AMV RNA 1-and RNA 2-derived leaders because the 5Ј-terminal 11-nt sequences of these AMV RNAs are identical and therefore are both recognized by primer A12. -PstI, molecular size (numbers at left, in base pairs) markers; mock, mock-infected plants; AMV, AMV-infected plants; TSWV, TSWV-infected plants; MR, in vitro mixed RNA of singly (AMV or TSWV) infected plants. Arrowheads indicate specific PCR products from N mRNAs (ϳ315 bp) and NSs mRNAs (ϳ420 bp).
FIG. 4. 5Ј-Terminal sequences of individual TSWV N and NSs mRNAs containing AMV cap structures. Nontemplate nucleotides which were inserted between the AMV and TSWV sequences are underlined. Nucleotides which could be derived from either AMV or TSWV RNA are in bold type. Original AMV (5Ј 3 3Ј) leader sequences and TSWV (3Ј 3 5Ј) terminal template sequences are in italic type.
